. Ellipsometry. Figure S1 shows more detail about the ellipsometry experiments we performed to measure the dry and hydrated thicknesses of the layer-by-layer deposited (LBL) polyelectrolyte (PE) nanoparticle-film (NPfilm) spacer layers. For in situ ellipsometry, we devised a liquid cell inspired by Richter's group, 1, 2 so that the NP-film samples could be characterized using an illumination angle of 70° relative to the gold film normal. We created 3D printed plastic molds to enable us to assemble a liquid cell (A) with optical windows angled at 70° relative to the base of the liquid cell, so that the illumination and reflected beams would enter and exit the cell at normal incidence to the optical windows. The molds were designed to hold a 75 mm x 50 mm x 1 mm large glass slide (Corning via Ted Pella, Product No. 26005) as the base and two 25 mm x 75.6 mm x 1 mm microscope slides (Nexterion Glass B, clean room cleaned) as the optical windows angled at 70° relative to the base. The slides were glued together while being held in place by the molds (A) using Dap aquarium safe silicone sealant and left overnight for the glue to set. Then the molds were carefully removed, and the rest of the cell was sealed by adhering 2 more glass slides (plain 3 in x 1 in x 1 mm microscope slides cut to ~50 mm in length) to the ends of the cell and applying sealant to the inside and outside of all remaining unsealed seams of the cell (B). After a final overnight curing time, the cell was ready for use with the ellipsometer. The cell was placed on the ellipsometer stage and aligned so that the optical windows were in a plane perpendicular to the axis of the propagating beam. The cell was filled with 40 mL of ultrapure water, ensuring that the water level was above the point on the optical windows where the beam entered an exited. Gold films samples 
S3
containing PE layers and also those with immobilized NPs were placed in the chamber as necessary to make measurements (C). The "in plane" and "out of plane" optical offsets imposed by the cell were calculated by the WVASE32 software using a calibration silicon standard placed inside of the liquid cell (dry). The cell was used for both hydrated reflectivity and ellipsometry measurements.
Dry and hydrated PE layer thicknesses were obtained as described in the Methods section of the manuscript. The thickness data for the dry and hydrated PE spacer layers is shown in D. Data points are the average of 3 thickness measurements taken from each sample, and error bars represent the standard deviation of the 3 thickness measurements for each spacer layer. Figure S2 . Representative surface coverage of NPs on film. Figure S2 shows the surface coverage of 60 nm gold NPs on 30 nm gold films coated with 1 PE layer (poly (allylamine) hydrochloride (PAH; A, B)) and with a self-assembled monolayer of 11-amino-1undecanethiol (C, D). Dark field optical microscopy images (A, C) showing scattering from filmcoupled NPs were obtained using an Olympus BX-41 reflected dark field microscope equipped with Dolan Jenner DC950 150 watt halogen liquid light guide illuminator, a 50x 0.8 NA bright field/dark field objective, and a Microfire color digital microscope camera. Scanning electron microscopy (SEM; B, D) was done using a FEI XL30 SEM-FEG. Analysis of 3 100-μm 2 SEM images for each sample indicated a NP surface coverage of 5 -6 scatterers per μm 2 with 98% of the scatterers being single NPs. Figure S3 . NP-film plasmon nanoruler (PNR) calibration spectra. Figure S3 shows the NP-film calibration data taken in both reflectivity and transmission (T-LSPR) modes. Sample preparation is described in the Methods section. All samples contain 60 nm Au NPs immobilized to 30 nm Au film (supported by a glass slide) with incrementally thick PE spacer layers (number of layers, n, designated by "nL"). Reflectivity spectra (A, B) were taken at 70° relative to the gold film normal, whereas the T-LSPR spectra (C, D) were taken using the 60° (relative to the gold film normal) 3D printed cuvette slide holders described in the manuscript. Both the reflectivity and T-LSPR spectra were taken with p-polarized illumination. In the reflectivity spectra p-polarization was designated in the WVASE32 software. We obtained p-polarization in the T-LSPR spectra by inserting a linear polarizer sheet (Thor Labs, LPVISE2X2) into the beam path in-between the light source and the cuvette and positioned so that the transmitted polarization dipole was aligned horizontally with respect to the cuvette (along the width of the cuvette) sitting in the cuvette holder of the spectrophotometer. Spectra from both instruments show the expected blue shifting NP-film LSPR with increasing NP-film separation distance. The peaks in the water data (B, D) appear generally broader than the corresponding data from the dry samples. The T-LSPR water data (D, same as Figure 4A interesting to note, however, that this peak is only extremely prominent in the T-LSPR water data. It is likely that this LSPR is contributing to the odd shapes of the peaks from the NP-film samples separated by 7, 9, and 11 PE layers in the T-LSPR water data (the oddly shaped peaks from the 7L, 9L, and 11L samples were reproducible over several samples). The LSPR peaks in water are red shifted for each of the PE spacer layer samples compared to the respective dry data. This represents the overall, net shift from (1) swelling of the PE layer with hydration, which should cause a blue shift in the NP-film LSPR and (2) the change in refractive index with the addition of water, which should cause a red shift. Figure S4 . NP-film PNR calibration. Figure S4 shows the NP-film LSPR peak position versus the NP-film separation distance using the reflectivity and T-LSPR data from Figure S3 and the PE spacer layer thickness data in Figure S1D . Peak positions were determined by computing the centroid of the top 50% of the peaks, or "dips" in the case of the reflectivity data. The data are fitted to a power law function [3] [4] [5] by performing a linear regression of the data plotted on a log-log scale (A, C). These fits are displayed in B and D with linear scaling and serve as calibration curves for the NP-film PNR. The data from the fits are listed in 
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Dry, In Air In Water  Table S1 . The oddly shaped peaks observed in the hydrated T-LSPR data ( Figure S3D , same as Figure 4A ) effectively reduced R 2 value from the data fit (see discussion of Figure S5 ). We note also that for both the hydrated and dry data, the NP-film LSPRs characterized in transmission mode are red shifted relative to the respective NP-film LSPRs characterized in reflectivity mode for reasons that we do not yet fully understand. Table S1 shows the results from the PNR calibration data fitting described above in the Figure S4 discussion. We first perform a linear regression of the data from Figures S4A and S4C , plotted on a loglog scale, to fit the NP-film PNR data to a power law function. The results of the linear regressions are converted back to linear scaling (lines plotted in Figures S4B and S4D ) and become calibration curves for the NP-film PNR response vs. NP-film separation distance. Figure S5 . Effect of illumination polarization on NP-film T-LSPR spectra. Figure S5 shows the effects of illumination polarization on select T-LSPR spectra with varying NPfilm separation distance. Polarization was set using the same method described in the Figure S3 discussion for obtaining p-polarzation. To obtain s-polarization, we simply rotated the polarizer so that the transmitted polarization dipole was aligned vertically with respect to the cuvette (along the vertical dimension of the cuvette) sitting in the cuvette holder of the spectrophotometer. The NP-film samples were in water and were the same as those used to create the PNR calibration data in Figure S3 . The illumination angle was 60°, as set by the 60° 3D printed cuvette slide holders. For each NP-film separation distance, which is set by the number of PE layers, the coupled NP-film LSPR is not seen when using s-polarized illumination (green plots). The only peak present is that of the uncoupled 60-nm NP LSPR located in between 500 nm -550 nm. This is because s-polarized illumination is incapable of exciting the NP-film coupled resonance (see discussion in the manuscript).
With p-polarized illumination (red plots), the coupled NP-film resonance appears dramatically redshifted when the NPs are separated from the gold film by 1 PE layer (A). However the uncoupled 60nm NP LSPR is still excited to some extent in p-polarization and appears in the spectra as a small feature in between 500 nm -550 nm that is distinctly separate from the NP-film LSPR. In this case, the NP-film LSPR peak position is essentially the same using p-polarized and unpolarized illumination. 
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The same was true for the 3L sample (data not shown) and is why we found it unnecessary to use polarized illumination for the pH switching experiments described in the manuscript.
When the NPs are further away from the film, as is the case in the 7L (B) and 9L (C) samples, the NP LSPR and the NP-film LSPR spectral features appear to be mixed and unresolved, resulting in oddly shaped peaks, especially in the case when the illumination is unpolarized (black plots). Another factor that could contribute to the oddly shaped peaks is the fact that the gold film has absorption features in the visible region. If these change slightly due to the addition of NPs, the result would be an extra, subtle feature in the NP-film T-LSPR spectrum, as it is baseline corrected to the spectrum of a bare gold film plus molecular coating but without NPs. When the illumination is p-polarized, the NP-film LSPR is preferentially excited and the resulting peak in the T-LSPR spectra is shifted slightly towards location of the couple NP-film LSPR. For this reason, the p-polarized data was used to generate the NP-film T-LSPR PNR calibration data as we consider it to produce more accurate NP-film LSPR peak positions for the 7L, 9L, and 11L samples in particular. The loss of accuracy in determining the absolute NP-film LSPR peak positions of the NP-film LSPR from the 7L, 9L, and 11L samples due to the spectral mixing of the NP-film LSPR and the NP LSPR contributes to the lower R 2 value for the hydrated T-LSPR calibration data presented in Figure S4 . Interestingly, this spectral mixing phenomenon is less apparent in the dry T-LSPR data as well as both the hydrated and dry reflectivity data. Figure S6 . Example spectra from pH actuation experiments. Figure S6 shows example spectra from pH actuation experiments using various NP-film spacer layers. The 3L NS-pH 10 (A) sample was made using PE deposition and rinse solutions that contained no salt and were adjusted to pH 10. The 1L sample (B) was made using PE deposition and rinse solutions that contained 1 M NaCl and no pH adjustment. The C11 amine thiol sample (C) uses a self-assembled monolayer of 11-amino-1-undecanethiol as a spacer layer. A uniform baseline adjustment was applied to the spectra in C (0.025 added to y-axis data), as the raw spectra displayed negative extinction values. We occasionally observed negative extinction values from the T-LSPR NP samples in this study for unknown reasons, but this did not affect the ability to accurately determine peak locations. In each case the spectra from the first pH 2 and pH 12 incubations are shown. Spectra from a 3L sample are shown in Figure 3B . Table S2 shows the NP-film PNR data from the pH induced layer swelling experiments. For each sample there are 2 sub-columns. The LSPR column contains the peak position of coupled NP-film LSPR, and the PNR column represents the PNR measurement determined using the T-LSPR calibration data ( Figure S4D and Table S1 ) to convert the NP-film LSPR to NP-film separation distance. The average blue/red shift for the NP-film LSPR data and the corresponding average swelling/deswelling data are listed for each sample type. The samples marked "nL" were deposited from PE solutions containing 1M NaCl and the "nL NS-pH10" samples were deposited from PE solutions that did not contain NaCl and were adjusted to pH 10. Spacer layer formation is described in more detail in the Methods section of the manuscript. We reiterate that the PNR measurements are inferred from the calibration data ( Figure S4D and Table S1 ), which is fitted from estimated thickness data of hydrated PE layers as modeled from ellipsometry data. We consider the relative shifts in the PNR measurements with pH cycling to be more insightful than the numeric values of single PNR measurements listed. Figure S7 . Extended pH cycling of a 1L NP-film spacer layer. Figure S7 shows pH cycling of a 1L (deposition solutions with 1 M NaCl, not pH adjusted) NP-film spacer layer extending over 2 days with an overnight incubation in ultrapure water, which is indicated on the plots as being pH 7. Otherwise, each pH incubation was performed as described in the Methods section. NP-film LSPR peak positions are plotted in A, and the corresponding NP-film plasmon nanoruler (PNR) measurements, calculated using the calibration data in shown in Figures 4B, S4D and Table S1 , are shown in B. Similar to the data shown in Figure 5 , the NP-film PNR data show a semireversible swelling trend with pH cycles, suggesting that the spacer layer experiences a net contraction over the course of the cycles. This drift appears to reach an asymptotic limit after many pH cycles. The swelling behavior for this 1L sample appears slightly higher in amplitude compared to the 1L sample characterized in Figure 5 and in Table S2 , which is mainly due to the increased average swelling value. In this sample, the average swelling and deswelling values over the first eight cycles were 1.28 and 1.66 Å respectively. Over the last eight cycles, the average swelling and deswelling values were 0.53 and 0.59 Å respectively. 
